inset). For recordings, we chose DA cells whose proTo identify the cytoplasmic organelles that contain docesses had been severed by the dissociation procedure, pamine, DA cells were double labeled with antibodies to to rule out the presence of presynaptic active zones. VMAT2 and TH in retinal sections. Confocal microscopy Postsynaptic specializations, on the other hand, are ocshowed that, in the cell body of DA cells, the VMAT2 casionally present on the vitreal aspect of the perikaryon antibody stained the Golgi apparatus and a small num-(Gustincich et al., 1999). Carbon fiber electrodes with a ber of organelles of varying diameter scattered throughdiameter of 5 m were beveled at 45Њ; their recording out the cytoplasm ( Figure 1C ). No immunoreactive matearea, measured electrochemically, was ‫04ف‬ m 2 or 6% rial was seen applied against the cell surface. This was of the cell surface. The carbon electrode was approxiin striking contrast with the dendrites, which were charmated to the cell until contact was established, as indiacterized by conspicuous fluorescent aggregates often cated by a gentle dimpling of the plasma membrane. In positioned near the cell surface, possibly clusters of some of the experiments, the cell was simultaneously synaptic vesicles ( Figure 1C, arrowhead) . To confirm patch clamped in the cell-attached or whole-cell configthat the fluorescent organelles were independent of the uration. To examine dopamine release by DA cells, oxicell membrane, serial optical sections of cell bodies dation currents were recorded by applying to the carbon were obtained with the confocal microscope: one of fiber electrode ϩ650 mV versus a Ag/AgCl reference these sections is illustrated in Figure 1D . The VMAT2-electrode, a potential sufficient to oxidize dopamine positive structures were few in number, varied from 0.2 (Hochstetler et al., 2000) . The recordings were continued to 1 m in diameter, and appeared randomly distributed for 10-20 min in each cell. When no amperometric spikes at a considerable distance from one another. Serial optiwere observed over a period of a few minutes, the carcal sections through the perikarya of solitary DA cells bon electrode was moved to another area of the cell confirmed that randomly distributed, VMAT2-positive surface. As reported previously (Feigenspan et al., 1998), cytoplasmic organelles of varying diameter were also voltage clamp in the cell-attached configuration showed present after dissociation of the retina ( Figure 1E) . that most DA cells generated action currents in a rhythmic pattern. The frequency was 6.0 Ϯ 0.5 Hz (n ϭ 25) at 22ЊC (Feigenspan et al., 1998) and 13.49 Ϯ 1.36 Hz Electron Microscopy To confirm the absence of presynaptic active zones in (n ϭ 12) at 35ЊC ( Figure 3A and Table 1 ). Simultaneous carbon fiber measurements showed that 56% of the the cell body of DA cells, the retina was stained with the histochemical method for alkaline phosphatase and cells generated amperometric spikes with current sizes varying from 0.1 to several pA and variable frequency processed for electron microscopy (Gustincich et al., 1997). DA cells were identified by the presence of a ( Figure 3AЈ ). Most of the spikes exhibited the asymmetric shape typical of the events of exocytosis measured in dense precipitate of lead phosphate in the intercellular space surrounding their perikarya (Figure 2, top) . In addiother cells (Bruns and Jahn, 1995) , with a rapid rising phase followed by an exponential-like decay ( Figure 3B ). tion, PLAP activity was present in the stacks of Golgi cisternae and in small vesicles and tubules scattered Occasionally, a small relaxation of the rising phase or "foot" signal was observed, an event apparently caused throughout the cytoplasm. In agreement with previous electron microscopic studies of this cell type (Kolb et by the release of transmitter through a small fusion pore (Chow et al., 1992; Albillos et al., 1997). The width of the al., 1990, 1991), active zones were found at synaptic contacts between DA cell dendrites and adjoining amacurrent transients at 50% of its peak amplitude (half width) was 1.12 Ϯ 0.03 ms (359 spikes; n ϭ 17); its crine cell processes; presynaptic clusters of vesicles were absent in the cell body. A relatively small number distribution peaked at 0.625 ms and sharply declined within the next 2 ms ( Figure 3BЈ ). Spikes disappeared of unlabeled 50 nm clear or agranular vesicles and 80-125 nm dense core or granular vesicles were scattered when the carbon fiber electrode was held at potentials too low to cause dopamine oxidation (Ͻ100 mV versus at random in the cytoplasm at considerable distances from one another. They were commonly present near the Ag/AgCl reference electrode). At 22ЊC, the spike frequency was low (0.18 Ϯ 0.02 spikes per min, n ϭ 5), the trans face of the Golgi stacks (Figure 2, bottom) Figure 3C ). This result the frequency of their spontaneous discharge of action potentials. was confirmed when the pacemaker activity was suppressed by injecting a current pulse of Ϫ20 pA of 2 Studies on the intact retina maintained in vitro have pointed out that dopamine and its agonists at the D 2 min duration: in this condition, the amperometric spikes disappeared. At the offset of current injection, the cell receptors suppress the stimulation-evoked increase in dopamine efflux (see Witkovsky and Dearry, 1991). fired a burst of action potentials, which were followed by a train of amperometric spikes after a latency of 2.5 s Among the agonists at the D 2 receptors, we selected quinpirole because it is not oxidized at the electrical ( Figures 3D and 3DЈ) . Thus, spontaneous dopamine release is triggered by the pacemaker activity of DA cells.
potential applied to the carbon electrode. 10 M quinpirole were required, when added to the superfusion fluid, Effects of Kainate, Quinpirole, and GABA. DA cells to abolish the response to a 30 s puff of 100 M kainate (p Ͻ 0.00001, by single factor ANOVA), suggesting that the mechanism that delivers dopamine to the cell sur-(data not shown). The cells, however, did not recover their ability to respond to kainate after washout, probaface is temperature sensitive. Ca 2ϩ Dependence of Release. Release from DA cells bly because of toxic damage during the prolonged exposure to the drug. We therefore reduced the concentrawas dependent on the influx of extracellular Ca channels that inactivate only slowly (Koh and Hille, membrane-permeant form of EGTA, which is deesterified and accumulates in the cytoplasm, was added to 1997). We confirmed this by administering nimodipine, which at a 1 M concentration blocks this type of chanthe bath. After a 15 min exposure to 100 M EGTA-AM, the response to a 30 s pressure-ejection application of nels (Bean and Mintz, 1994) . When this drug was added to a 100 M kainate solution, it suppressed dopamine 100 M kainate decreased by 53% to 95% (80.6 Ϯ 7.6, n ϭ 5). 5 min after return to control medium, a prolonged release in a reversible fashion ( Figure 6A ). Patch clamp recordings showed that the drug did not affect the sponexposure to kainate (60 s) elicited a vigorous burst of exocytosis events, suggesting that a larger Ca 2ϩ influx taneous firing of action potentials by DA cells (data not shown).
had saturated the intracellular buffer ( Figure 6B ). EGTA-AM had no effect on the spontaneous discharge of acThe fura-2 experiments showed that Ca 2ϩ entry immediately followed stimulation. Seeking an explanation for tion potentials (data not shown). Quantum Size the delay between Ca 2ϩ entry and exocytosis, we tested whether EGTA, a slow Ca 2ϩ buffer, influenced the amperBy integrating individual amperometric spikes spontaneously occurring at 35ЊC, we determined that the averometric response to the secretagogue. EGTA-AM, a ] i was due to influx of extracellular Ca 2ϩ rather than to Ca 2ϩ -induced Ca 2ϩ release from intracellular stores, the DA cell was first treated for 3 s with high K ϩ to test its response to the depolarizing stimulus. Next, the cell was treated with 30 mM caffeine (shown by the letter "C") to verify that Ca 2ϩ was released from intracellular stores. The response to caffeine was progressively abolished by thapsigargin (3 M, TG). 5 min later, the response to high K ϩ was identical to that at the beginning of the experiment.
age charge generated by oxidation of the dopamine then each amperometric spike is caused, on average, by 41,062 molecules. The distribution of the fractional released in each event of exocytosis was 13.14 Ϯ 0.48 fC (239 spikes; n ϭ 12). Assuming that two electrons number of spikes per 1 fC bin is illustrated in Figure 7A and indicated. superfused at a rate of 0.5 ml/min with an extracellular medium containing 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , and 1 mM
